Vietnam has the world's largest market share of cashew nuts, and hence a large number of workers are involved in the cashew processing industry. A shelling operation is necessary to acquire a kernel (edible portion) of a cashew. However, it is difficult to automate this operation because of the size variance of a cashew shell, although other cashew processing operations such as steaming and sorting are automated. When the cashew is manually shelled by a sharp blade cutter, not only is the shelling rate very low (when compared to other operations) but also labor conditions are strenuous and unsafe. In particular, the cashew belongs to the sumac family, and hence it should be cautiously handled by workers. This paper presents a machine design for cashew shelling to advance working conditions and production efficiency. The proposed design consists of a conveyor to transport cashews, milling cutters for shelling, and a wedge-shaped splitter for the milled shell. To accommodate for the size variance of cashews, we propose a force controller for milling operation that cuts a cashew shell without damaging the kernel. Experimental results exhibit the effectiveness of the proposed force controller for size variance.
Introduction
In Vietnam, the export amount of cashew nuts is around 25 million tons (valued at 1.8 billion dollars) in year 2013 (VERAC, 2013) , which comprises the world's largest market share, and hence a large number of workers are involved in the cashew processing industry. Although most cashew processing operations, such as steaming and sorting, are automated, the shelling operation is still manually conducted by workers, as shown in Fig. 1 , because of the shell size variance. Hence, not only is shelling speed very low (when compared to other operations) but also labor conditions are strenuous and unsafe due to a sharp blade cutter being employed. In addition, because the cashew belongs to the sumac family, it should be carefully handled by workers.
Cutters with two blades, whose profile is similar to the cashew shape, as shown in Fig. 2 , are employed for manually shelling the cashew shell. Cashews are positioned between two blades by workers. These blades are connected with two foot pedals by several links. Workers pedal them to operate the blades. They use one pedal to cut the cashew, and the other to rotate one blade by 90 degree, removing the shell from the cashew kernel. Then, workers are entailed to take the kernel out of the shell with a small knife. The following disadvantages are considered in this operation:
• Cashews must be previously classified by size.
• Low shelling speed • Difficult and unsafe working conditions • The whole kernel recovery rate (Okamoto et al., 1995) depends on worker's skill. Some countries utilize hammer-like tools for breaking the cashew shell. Workers break the cashew shell and manually remove the kernel. Although this method is straightforward than the one shown in Figs. 1 and 2 , the whole kernel recovery
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Naoki UCHIYAMA*, Phat MINH HO*, Hirofumi YAMANAKA*, Shigenori SANO* and Son DOAN TRAN** rate is very low and largely depends on the workers' skills. Although wedge-like tools are also used for automatic splitting of the cashew shell, the shelling efficiency and whole kernel recovery rate are insufficient. This paper presents a machine design for cashew shelling to advance working conditions and production efficiency. The proposed design consists of a conveyor to transport cashews, milling cutters for shelling and a wedge-shaped splitter of the milled shell. Since the size of each cashew is different, a sorting operation is needed before any automated shelling process can occur. To avoid this sorting operation, we propose a force controller for a milling operation that cuts the cashew shell without damaging the cashew kernel. To design the force controller, we develop an experimental milling machine for cashew shells that includes a cashew driver, a cutter driver, and a force sensor. A simple force controller is designed by determining the appropriate cutting force magnitude. Although prominent methods for force control have been developed since around three decades ago, such as damping control (Whitney, 1977) , stiffness control (Salisbury, 1980) , impedance control (Hogan, 1985) (Hogan, 1988) , (Kelly et al., 1898) (Colbaugh et al., 1993) and hybrid position /force control (Raibert, 1981) (Yoshikawa, 1987) (Khatib, 1987) (Villani et al., 1999) (Chiaverini and Sciavicco, 1993) , the purpose of the proposed design is different from that of the existing designs in that the force control is employed to maintain the cutting depth for objects of different size. In addition, we demonstrate that force feedback along the direction of motion of the cashew is more effective than in the cutting direction.
After developing the experimental system for force controller design of cashew shelling motion, cutting experiment is conducted under several cutter rotational speed, cutting depth, and feed rate to find the appropriate condition. A lowpath filter is applied for implementing the force feedback control. The proposed force controller can maintain the cutting force magnitude and the cutting depth for the size variance of cashew shells. The repeatability of our experimental results demonstrates the effectiveness of the proposed force controller for cutting cashews without damaging the internal kernel. 
Shelling machine design
Figure 3 illustrates a schematic of the cashew-shelling machine design. This machine consists of the following parts; vibrating cashew feeder (No. 1 in Fig. 3 ), conveyor belts for transporting cashews (No. 2), rollers to clamp cashews tightly (No. 3), cashew milling cutter (No. 4), and cashew shell splitter (No. 5). The vibrating cashew feeder continuously places cashews between a pair of conveyor belts. The conveyor belt transports the cashews into position between a pair of disk cutters. After cutting, the cashews are placed into a splitter that removes the shells from the kernels.
Figure 4 (a) shows a schematic of the cashew shell cutting system, which includes disc milling cutters rotating at an appropriate speed. The cutters are supported by springs in the current design. The cashew is positioned between two V-shaped conveyor belts (No. 2 in Fig. 4 (b) ); tightly clamped by springs (No. 4) and pins. Rollers (No. 3) are utilized to reduce friction. Cashew nuts are moved into position between two cutters (No. 1) by the conveyor belt. The clamping force of the spring must be large enough so that the pins penetrate the cashew shell and the belt holds the cashew in position. The cashew nut is held fixed against the cutting force. 
Force controller design for cashew cutting
Because the size of each cashew is different, some cashews are inadequately shelled in the machine design in Figs. 3 and 4. Therefore, we design a force controller for the cutter motion. To design the force controller and verify its effectiveness, we constructed an experimental cashew-cutting machine shown in Fig. 5 (a) . This machine consists of a cashew driver that simulates the cashew conveyor in Fig. 3 , a cashew cutter, and a cutter driver. The cutting force can be measured by a force sensor in cutter motion (X) as well as cashew motion (Y) directions. Figure 5 (b) shows the ideal motion of a cashew cutter, where the cutter follows the cashew contour without damaging the inner kernel. The purpose of this study is to attain the cutter motion in Fig. 5 (b) for any size of cashew by measuring cutting force during motion.
To design the cashew shelling force controller, we measured the cashew shelling force by moving the cashew only while keeping the cutter position fixed, corresponding to the conditions in Table 1 . Some force measurement results are shown in Fig. 6 , where f x and f y are cutting force measurements in the X-and Y-directions, respectively. We encapsulate the experimental results as follows:
• Cutter vibration affects the force measurement.
• A 4 mm cutting depth may damage the kernel of the cashew. • The cutting force profile in the X-direction is less changed when the cutting starts than that in the Y-direction.
• Measurement of the cutting force in the Y-direction may be an effective method for constraining the cutter motion to follow along the cashew contour (to achieve a constant cutting depth). The kernel was damaged in the case of Fig. 6 (b) where the cutting depth is 4mm. However, this damage cannot be detected from the cutting force result in Fig. 6 (b) , because the kernel is not so hard that the cutting force profile changes.
The control objective is to cut the cashew shell at a constant depth by moving the cutter along the cashew contour and moving the cashew itself at a constant speed. The controller is designed such that the cutting depth is 2 mm for the entire cutting area to avoid cutting the kernel through a small deviation of the cutter motion. Since the wedge-shaped cashew shell splitter is installed in Fig. 3 , even shallow cutting is effective for removing the cashew shell.
We utilize the cutting force in the Y-direction from the experimental cutting force results because the cutting force in the X-direction only changes slightly during motion. In addition, the following low-pass filter is employed for using the cutting force measurement as a feedback signal.
where f y is the cutting force measured in the Y-direction, s is the variable of the Laplace transform, ω is the cutoff angular frequency of the low-pass filter, andf y is the filtered force value in the Y-direction. Figure 7 illustrates the result of applying the low-pass filter, in which the higher frequency signal is reduced to evade the vibration of cutter motion. As explained above, the cutting force profile in the X-direction is less changed when the cutting starts than that in the Y-direction. This is because the cutter motion at the cutting position and the Y-directional motion of the cashew oppose each other in the cutting mechanism (Fig. 5 (b) ). Hence, the following controller is designed to control the cutting depth (X-directional motion of the cutter) by measuring the cutting force in the Y-direction:
where τ is the applied torque to move the cutter in the X-direction. When τ is positive, the cutter moves in the positive X-direction. The symbol f d is the desired constant cutting force; k is the controller gain.
Experiment
We have conducted experiments with the controller in Eq. (2), and we have set the desired constant cutting force as f d = 0.25 N, the gain as k = 40.0 m, and the constant cashew moving speed is set to 8 mm/s from the results of the preliminary experiment described in Section 3.
Figure 8 (a) shows photos of cashews before and after cutting. Figures 8 (b) - (d) illustrate the results for the cutting force in the Y-direction, applied voltage proportional to motor torque τ for X-directional motion, and cutter position for three different sizes of cashews. The cutting force shows good tracking performance, and the cutter position tracks the cashew shell contour. In the third trial (Fig. 8 (d) ), around the beginning of cutting, the machine motion stuck once because of deep cutting, and a large magnitude of voltage occurs around 0.5s to continue the motion. Hence, the Y-axis motion distance is smaller than that in Figs. 8 (b) and (c). Figure 9 shows the maximum, minimum, and average cutting force magnitude for ten trials with different cashew sizes. This figure confirms that the average magnitudes of the cutting force for all trials are approximately equal to the desired value.
Next, we measured the cutting depth at three angles, 30 deg, 0 deg, and -30 deg as well as the length and width of the cashews, as shown in Fig. 10 (a) . Figure 10 (b) shows that a cutting depth of 1-2 mm was achieved for most of the trials, and that no kernels were damaged in any trial. Figure 10 (c) shows the average and maximum cut depth of the three angles and the cashew width for all cases. We substantiate that larger cashew width typically results in larger cutting depth.
Conclusions
This paper presents a force controller design for an automatic milling-based cashew shelling machine for improving the operator's working condition and production efficiency. Although each cashew size is different, the proposed force control successfully constraints the cutter motion along the cashew shell contour during motion and avoids cutting the edible portion of the cashew. Experimental results show that the desired constant cutting force magnitude is accomplished for all trials, even with different cashew sizes. Future work will include the installation of the proposed force controller in the cashew shelling machine that is under development, and experimental verification with high-speed transportation of the cashews by a belt conveyor system. There is also a possibility that the proposed force feedback control can be replaced by a motor current feedback control, so that the force sensor can be removed. In addition, the proposed controller is anticipated to apply to other types of nuts with variable size.
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